Abstract: Here we study the essence of f (R, T ) gravitation theory in five dimensional Universe and see the role of dark energy in the form of wet dark fluid in such a Universe. It is found that the dark energy is not exaggerated in contributing to the accelerating expansion of the Universe though the expansion is inherent as a result of the theory itself and due to the geometric contribution of matter. It is interesting to see that in some model it is found that there was some era before the beginning of the present era, and some of the model Universe came out to be either oscillatory or cyclic. Some of the models are seen to go to ΛCDM models in late future as in Einstein gravitation theory, starting the evolution with a big bang. Most of the models undergo early inflation as well as late time accelerating expansion thus defining as good models for real astrophysical situations, with dark energy playing fundamental role in these Universe.
of dark energy and accelerated expansion of the Universe. Some of these models are quintessence (Ratra and Peebles, 1988 ), phantom energy (Carroll,2003) , k-essence(Steinhardt et al. 2001 ), tachyons, f-essence and Chaplygin gas. As another approach, different modified theories of gravity such as f (R) (Carrol et To study the nature of dark energy and late-time accelerating expansion of the Universe, we start from a theory defined by the action and solve the equation of motion to define the background dynamics.
The cosmological reconstruction of gravitational theorem is considered where complicated background cosmology can be reconstructed which complies with the observed data. This eventually leads to a particular choice of the arbitrary function or potential, providing the qualitative difference between general relativity and modified gravity. Capozziello et al. (2006) and Nojiri and Odinstov (2006) have developed the general approach to reconstruction modified gravity and dark energy models.
Keeping this in mind, modified theory called f (R, T ) theory have been formulated by Harko et al. (2011) where the gravitational lagrangian L m is given by an arbitrary function of the Ricci scalar R, and trace of the stress-energy tensor T . Gravitational field equations in the metric form as well as the equations of motions for test particle obtained from the result of covariant divergence of the stress-energy In this paper, we focus our attention on exploring the solution of five dimensional Kaluza-Klien cosmological model in the content of f (R, T ) gravity. The present paper is organised as follows; Sect. 1, a brief introduction is given. Sect. 2 consist of a brief discussion about wet dark fluid as a candidate for dark energy. f (R, T ) gravity which is also a modification of general relativity is also discussed considering the case f (R, T ) = R + 2f (T ). In Sect. 3 gravitational field equation in f (R, T ) gravity is established with the help of Kaluza-Klien metric in the presence of wet dark fluid (WDF) and four different cases are discussed. In Sect. 4 Solution obtained is presented and conclusions are given.
Field Equations and their solutions:
For our problem here we take wet dark fluid as a candidate for dark energy, and in the line of generalised Chaplygin gas its equation of state is taken in the form
where p W D and ρ W D are respectively the fluid pressure and the energy density of wet dark fluid. It may be noted here that equation (1) can represent many fluids including water. ω and ρ W D are parameters which are taken to be positive with the condition
The parameter ω is such that if we take c s as the adiabatic sound speed in wet dark energy fluid, then
The energy density of the wet dark fluid can be obtained from the conservation equatioṅ
Now using the relation
where H is the mean Hubble constant and V is the spatial volume of the Universe, in equation (4) and making use of equation (1) we obtain
where c is a constant of integration.
It may be noted that wet dark fluid comprises of two parts, one part behaving as a cosmological constant and another part behaving as a standard fluid with the equation of state
Now if c > 0, then for this fluid the strong energy condition
will not be violated. Hence we have
Here for obtaining the fluid equation from the f (R, T ) gravitational theory, we use the Hilbert-Einstein type variational principle for which the action is taken as
where L m is the Lagrangian matter density.
Here the stress energy tensor of matter T ij is taken in the form
and thereby the trace becomes
On the assumption that the matter Lagrangian depend solely on g ij rather than its derivatives we see
Then the field equation of f (R, T ) gravitation theory came out, by varying the action S with respect metric tensor g ij to be
Here
and
and ∇ i denotes the covariant derivative.
Contracting on both sides of (14) we get
Here the stress energy tensor of matter is defined by
where u i = (1, 0, 0, 0, 0) is the five-velocity flow vector satisfying the relation
Now we can take L m = −p W D as the Lagrangian representing the problem of wet dark fluid pressure p W D and energy density ρ W D . Then making use of (15), the expression for the variation of stress-energy of matter is obtained as
Now we see that corresponding to different matter contributions from f (R, T ) gravity several theoretical models can be obtained. Thus depending on the matter source, there may be different class of f (R, T ) gravitation theory and the field equation also depends on the physical nature of the matter field through the tensor Q ij . But here for our problem we take up the f (R, T ) gravitation theory of the type
f (T ) being an arbitrary function of stress-energy tensor of matter. Then making use of equation (14) the field equations for f (R, T ) gravitation theory take the form
Here the dot denotes the differentiation with respect to the argument. In the case the matter source is chosen as as perfect fluid then the field equations takes the form
Metric and Field equations:
Now for our problem we consider the metric
Here we take the fifth coordinate φ as space-like. And we choose in such a way that
Then making use of (17), (19), (23) and (24) in (22), and using co-moving coordinates we get the field equation in the form
Here a dot denotes a differentiation with respect to time 't ′ . Now (25) and (26) giveẌ
Here we have three independent equations (25)- (27) from which four unknowns X, Y , p W D and ρ W D are to be found out. Thus we need one more relation to solve for these unknowns. Now we take up the following model.
Model I: Here we assume that the expansion factor θ is proportional to the shear σ 2 so that
where n is a positive constant.
Then from (25) , (26) and (29) we get
where a 1 and a 2 are arbitrary constants. It is observed that 2 > n to find a viable solution.
Now from (1) we have
Using (32) in (26) we have
Then (32) gives
And in this case we have
Mean Hubble parameter and scalar expansion are given by
Deceleration parameter
Anisotropy parameter
Shear scalar σ is given by
Here,
If [r, s] are the state-finder parameters then
The plot of the density ρ wd with time ( Fig. 1) indicates that the density is very high at early stage.
But it decrease continuously with time and attains a very small positive value at late times as t → ∞.
The plot of H, shown in Fig. 2 shows that the value of Hubble parameter H always remains a positive value which shows that universe is always expanding. The plot of q (Fig. 3) shows that the deceleration , k = 1, c1 = 1 and A = 1. Fig. 2 shows variation of H against time (t) for n = 2 and c1 = 1. parameter q decreases with time indicating the accelerated expansion of the universe with the passage of time.
Model II: We know thatV
where V is the spatial volume of the Universe and H is the mean Hubble parameter.
Now (28) with (43) give
Here in this case we consider the mixed exponential power expansion law for the spatial volume in the form
Then we get
where b 0 , b 1 and b 2 are arbitrary integration constants.
Here from (1) and (26) we get
In this case
(55) The plot of V (Fig. 4) indicates that the volume is zero at t = 0 and it increases exponentially with the passage of time. Fig. 5 shows the plot of density (ρ W D ) which shows that the density attains a negative value at late times indicating that the universe is dominated by dark energy at late times causing the late time acceleration of the universe. Fig. 6 shows the plot of Hubble parameter H whose value increases wit time and is always a positive value. The plot of deceleration parameter q is shown in Fig. 7 which shows tats its value is always negative which accounts for the accelerated expansion of the universe. The plot of EOS parameter r (Fig. 8) shows that r → 1 as t → ∞ indicating that the model goes to ΛCDM model.
Model III:
Without loss of generality we can separate equation (28) into two equations namely, 
where c 3 and c 4 are arbitrary constants of integration.
In this case we have , k = 1, b0 = 0.1,b1 = 0.1, b2 = 0.1, b3 = 0.1, A = 1 and c = 1. Fig. 10 shows variation of V against time (t) for c0 = c1 = c2 = c3 = c4 = 1. (67)
The plot of the density ρ wd (Fig. 9) shows that the density is very high initially and there is a steady decrease with the passage of time. It tends to zero at t → ∞. Fig. 10 shows the plot of V which shows that the volume increases exponentially with the passage of time.
Model IV:
In this case we consider the expansion of the Universe in such a way that
where α and β are arbitrary constants.
Then we have
Thus from (28) and (74) Here
In this case , k = 1 and n = 1 and Fig. 12 shows variation of r against time (t) for β = 1. The plot of ρ wd (Fig. 11) shows that density is a decreasing function of time. Fig. 12 and Fig. 13 shows the graph of EOS r and s, where r → ∞ and s → −∞ as t → 0 shows that it starts from asymptotic static era and then going to ΛCDM model as r → 1 and s → 0 at t → ∞.
Model IV(a):
Here we take as a special case, α = 1, β = 1 in model IV.
Now making use of (87) in (28) we haveẌ
which gives
where d 0 and d 1 are arbitrary constants. Now making use of (89) in (87) we have
where d 2 is an arbitrary constant of integration.
Here from (1) and (26) we have
(93)
(96) , d0 = 1 and A = 1 and Fig. 15 shows variation of V against time (t) for d2 = 1.
Fig. 14 shows the graph of density ρ W D which indicates that the density is extremely large initially and it decrease with the passage of time and becomes negligible at late times. The plot of V (Fig. 15) shows that the volume increase with time and becomes extremely large at late times.
4 Conclusions:
In model I the model Universe is seen to be undergoing accelerated expansion, and it is also found that as the value of X increases the value of Y decreases in the inverse of the multiple of X, and thus as the Universe expands in an accelerated way, that is as the value of X (the length of the three-dimensional space coordinates) increase rapidly the value of Y (the length of the fifth dimensional coordinate) decreases more rapidly which is compatible with its contraction at a high rate so that it is invisible now which is in agreement with the present scenario of the Universe. It is seen that though this model Universe is seen to be anisotropic at the beginning of the evolution of the Universe, the anisotropy will gradually lose so that it becomes isotropic at late times as the anisotropy parameter △ = 0 for this model. Here the energy density of the fluid is very high the pressure is very strong at t = 0, thus it indicates a big bang at the beginning of this epoch. But there is no singularity as t → ∞ since the pressure and the density have definite value at this instant, which indicates that there may be a beginning of the evolution of a new another era with a bounce. The energy density and the pressure of the dark energy in the form of wet dark fluid coupled with f (R, T ) gravitation are found to decrease with time. And it is seen that there is place for dark energy even also in f (R, T ) theory of gravitation; the matter content, particularly dark energy has its role in contributing to the accelerated expansion of the Universe aside from and over and above the geometric contribution to matter due to the f (R, T ) theory, which is the main cause of producing accelerating expansion of the Universe according to this theory. Since this model is found to undergo inflation as well as late time accelerating expansion, it is a Universe which can explain nicely the evolution of the early Universe as well as the late Universe as it is now.
In model II the model we obtain comes out to be a Universe with accelerating expansion. Here we see that this Universe is anisotropic in its early days, but loses gradually its anisotropy as the anisotropy parameters △ tends to zero with the value of t becoming larger which means that at late times it (the Universe) becomes isotropic. The fluid pressure is found to be negative if the parameter ω happens to be negative which is one of the main characteristics of the fluid to be dark energy. There is a singularity at t = 0 and our model seems to begin with a big bang. At t = m 1 m+1 the expansion is seen to stop momentarily which may be taken as an event to bounce. The spatial volume is seen to be exceptionally large at t = 0 which bears testimony to the big bang. At t = 0 we see that the state-finder parameters [r, s] are such that r → ∞ and s → −∞ which indicates that our model starts from asymptotic static era, and it goes to ΛCDM model [r = 1, s = 0] at later era. Here it is found that the geometric contribution of matter due to f (R, T ) gravity cause the accelerated expansion of the Universe, and also this expansion is enhanced by the presence of wet dark fluid playing the role of dark energy. In this model the energy density and fluid pressure are found to become infinite as t → −∞, hence it may be concluded that there was another epoch of this Universe from t = −∞ to t = 0 starting with high energy density and a strong pressure at the beginning.
In model III the model obtained is seen to be a Universe with accelerating expansion. The spatial volume is increasing here exponentially. This model Universe happens to represent at late times ΛCDM Universe as the state-finder take the values [r = 1, s = 0] as t → 0. The energy density and the fluid pressure both do not vanish at t = 0 as well as at t → ∞. Thus this model may be either oscillatory or cyclic type of Universe. Since spatial volume is very much related to the scale factors of the Universe, from the expression of the energy density and fluid pressure of the wet dark fluid it is seen that the dark energy contributes here also to the accelerating expansion of the Universe apart from enhancing of expansion through geometric contribution of matter due to f (R, T ) gravitation. This model is found to be isotropic which is in agreement with the present day scenario of the Universe. No singularity is seen in this Universe. The pressure and the density are found to be very high as t → −∞, thus it seems that there was an era of this model Universe in the remote past beginning with a big bang, before the beginning of the present era. The model Universe obtained in model IV is also a Universe with accelerating expansion. At t = 0 there is no expansion, but as t → 0 the accelerating expansion rate increases enormously with high degree of acceleration, thus there is a fear that there may be a singularity event at this moment of time and perhaps may be a big rip singularity. At t = 0 the spatial volume of the Universe takes a definite value which means almost that the Universe existed before t = 0. Thus it is seen that the Universe is undergoing accelerating expansion due to the geometric contribution to matter. Here from the expression of the density it is seen that the matter content is partly from the dark energy and partly from the geometric contribution due to f (R, T ) gravitation. Because of these factors the pressure and the density seem to exist even at t = 0. In this case the density becomes zero when the dark energy parameter ω and f (R, T ) gravitation theory parameter k are related in the form k = 8πω 1−4ω or ω = k 8π+4k which seems that under these conditions the contribution to matter due to dark energy and due to f (R, T ) gravitation theory are equal and opposite to each other. But at this moment the pressure remains and is equal to −ωA which shows that the contribution due to the dark energy part dominate the other part. Here the non-geodesic motion of test particles are resulted from the coupling of matter with geometry in this gravitational theory and an extra accelerated motion is produced. This Universe is seen to start from asymptotic static era as state-finder parameters [r, s] are found in the form r → ∞ and s → −∞ as t → 0 and then going to ΛCDM model as we find r = 1 and s = 0 as t → ∞. In this model the spatial volume is also increasing at a high rate bearing testimony to the happening of a big rip singularity.
In model IV(a) we get our model as an expanding Universe. Here the scale factor X is found to increase with time whereas the scale factor Y is found to decrease at a high rate so that at late times it is so small that it is invisible as it is at the present time. Here the deceleration parameter is found to be positive and therefore our Universe is decelerating initially but will accelerate at late time because of "cosmic re-collapse" (Nojiri and Odinstov, 2003 ). Thus our model will be a Universe with accelerating expansion in unison with the present era. Here the volumetric expansion is linear, it may be because of inflation due to high rate of expansion at present. The energy density and the fluid pressure are so high at t = 0, thus it seems that there is a big bang at this moment. The density and the pressure do not vanish neither at t → ∞ nor at t ← −∞, their values being solely dependent on the parameters k, ω, A at these moments.
Thus it may be concluded that this type of Universe must be either an oscillatory or a cyclic type. Here it is seen that as σ 2 θ 2 is not zero, our model Universe is anisotropic at the beginning, but as the anisotropy parameters △ = 0 it (the Universe) gradually loses the anisotropic-ness and becomes isotropic at late time which is in agreement with the scenario of our actual Universe. Here the shear is found to decrease with time until it becomes 0 as t → ∞. In this model there is a singularity at t = 0 with very high density and pressure, thus this model Universe started its evolution with a big bang in the beginning.
